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Abstract. We propose a new method to scan the data and then to infer the boundaries of
the interplanetary coronal mass ejections, especially the interplanetary events observed
by Ulysses. The local minima of the temperatures ratio measured by the spacecraft are
used to scan and compute the potential boundaries of the interplanetary events. The
low plasma beta values are then invoked to detect at least four boundaries, two for
the beginning and two for the end of an interplanetary coronal mass ejection (ICME).
Intermediate boundaries can be identified, as indicated by other plasma and magnetic
field signatures, and these ones mark substructures of a complex event. Using the algo-
rithm described in this article, we have compiled a list of the ICME events registered by
Ulysses spacecraft during 2000-2002, with their boundaries. After a statistical analysis,
four relationships of the plasma beta with the speed are then inferred for the computed
ICMEs, for each of the four detected boundaries in our compiled list. In order to exem-
plify the method we analyse in detail four events. This method provides premises for
an alternative way of semi-automatic detection of the interplanetary events’ boundaries
observed by Ulysses spacecraft. We introduce here also a method for visualisation of
the magnetic field components that allows detection of plasma insulations and bound-
aries detection for other satellites too.
Key words: heliosphere – interplanetary mass ejections – stream interaction regions –
boundaries.
1. INTRODUCTION
Coronal mass ejections (CMEs) are the largest eruptive phenomena known in
the solar system as responsible for drastic changes of the space weather conditions
and directly affecting the life on Earth. The interplanetary CMEs counterparts ex-
pand from the Sun to heliosphere and produce disturbances of the interplanetary
space. In-situ measurements of plasma and magnetic field display a wide range of
signatures that guide us to identify the interplanetary coronal mass ejections (ICMEs)
and their delimitations. Of these, widely invoked are: the intense magnetic field, the
low plasma beta, density enhancements, increasing of ion charge states and abun-
dance of various elements, as well as a decrease of the proton temperature. These
properties are strengthened in the magnetic clouds (MCs), events that display a dis-
tinct morphology, a magnetic-flux-rope-like structure, often accompanied by forward
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and reverse shocks flanking the cloud core as Ulysses observations revealed (Burlaga,
1991; Riley and Gosling, 2007), magnetic field smooth rotation, and bi-directional
electron streaming (Crooker et al. , 2004). MCs, representing a subset of interplane-
tary ejecta, are the interplanetary manifestation of a flux rope expelled from the Sun,
and were first defined by Klein and Burlaga (1982) as regions with a radial dimen-
sion of approximately 0.25 AU at 1 AU, inside which the magnetic field strength is
high. Wei et al. (2003) analyzed more magnetic clouds at 1 AU and found distinct
characteristics of plasma and magnetic fields inside the magnetic cloud bodies com-
pared to the boundary layers. In addition, we point-out as an useful tool to detect
the presence of an MC and its boundaries, the minimum variance analysis (Klein
and Burlaga, 1982; Bothmer and Schwenn, 1998; Dumitrache, Popescu, and Oncica
, 2011), that proves a coherent rotation of the MCs around one axis, at the spacecraft
encounter (Burlaga, 1988). This tool often indicate the existence of substructures as
merged clouds, beside the function of refining the MCs’ boundaries. In contrast to
MC, the non-MC ICMEs could have weaker magnetic fields, higher proton temper-
atures, higher plasma beta, when comparing to the MCs, as Burlaga et al. (2001)
reported. These ICMEs can be the result of the interaction of two or more MCs at
lower heliocentric distances – they were called complex ejecta ICMEs (non-MCs).
Many times, the ICMEs or MCs are merged, even if they left the Sun as distinct
events. In this case, it is a challenge to detect the real boundaries of each one or how
much two events are mixed, or to understand the mixed and non-mixed parts of a
complex phenomenon. The solar source identification and analysis are useful in this
case. But, Richardson and Cane (2010) have shown that it is possible to not really
find the solar source for 46% of Earth directed ICMEs. In a statistical survey of
the ICMEs observed near-Earth, Richardson and Cane (2004) showed that the MCs
fraction related to the total number of the ICMEs depends on the solar cycle. In
the list built by Du, Zuo and Zhang (2010), with 181 ICMEs observed by Ulysses
spacecraft, only 43% of events were identified as MCs.
Beyond one astronomical unit (AU), the ICME identification become more dif-
ficult because some ICME signatures are blurred through the interaction with the
ambient solar wind. Ulysses spacecraft, launched in 1990, was the first mission that
explored the Heliosphere from the solar equator to the poles. Its observations for
these long distances, as well as those obtained during its transit over the solar poles,
provided us important information and an understanding on how the high latitude
CMEs travel through space; it gave us an insight to the 3D heliosphere. Ulysses
spacecraft provided plasma and magnetic field data until June 2009.
Gosling et al. (1994) first described the high-latitude ICMEs as a distinct class
of events. They showed that a forward-reverse shock pair is associated with each
event and this is due to the over-expansion of the CME caused by its internal pres-
sure. The front and reversal boundary layers, representing the interaction between the
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cloud and the surrounding interplanetary environment, are regions that display prop-
erties of magnetic reconnections, i.e. accelerated ion flow observed within magnetic
field reversal regions in the solar wind (Gosling et al. , 2005). The outer boundary
layer (between the sheath and the interplanetary environment) usually displays a drop
in intensity of the magnetic field, while the inner boundary layer (which separates the
interaction region from the cloud body) is associated with an initial rotation of the
elevation angle and an enhancement of the magnetic field. Wei et al. (2006) have
performed a statistical analysis on 70 magnetic clouds registered by Wind spacecraft
and found that the boundary layers are a non-pressure-balanced structures.
There are ICMEs displaying all the features, while others having only a few.
Along the years, different criteria have been used to identify the ICMEs or MCs. The
presence of an ICME in the interplanetary space is often accompanied by the charge
states enhancement. Riley and Richardson (2013) described how the spacecraft tra-
jectory influences the registration of an event and how observational data reveal or
not the presence of an MC. They statistically found that plasma beta, CME width,
and the ratio O7+/O6+ are significant variables that indicate the presence of an MC,
and the observation of an MC strongly depends on the spacecraft trajectory. Us-
ing the Gaussian mixture model analysis, they identified three types of events from
the ICMEs’ speed vs. plasma beta correlation: (i) a statistical populations with low
plasma beta and low velocities, (ii) another with high velocities and plasma beta,
and (iii) a statistical population with low velocities but high plasma beta. The high
values of the charge state of elements such as O, C, and Fe, indicate the solar flares-
like events origin of the ejected plasma. Russell and Shinde (2003) performed the
ICMEs identification from the solar wind ion measurements. Signatures of an ex-
panding magnetic structure were correlated with a decline in the solar wind speed,
accompanied by simultaneous cool ions. These two indicators have long been asso-
ciated with the occurrence of ICMEs (e.g. Gosling (1997) and references therein).
Lepri et al. (2001) considered the enhancement of Fe as the most reliable signature
of an ICME. The values of Fe charge states exceeding 11 represent an indicative for
an ICME (Lepri and Zurbuchen, 2004). Another threshold that must be fulfilled by
the charge states is O7+/O6+ > 0.8 (Neugebauer and Goldstein, 1997), especially in
MC Henke et al. (1998). According to Ipavich et al. (1986) and Zurbuchen and
Richardson (2006), the ICME threshold for the Fe/O ratio is 0.25, since (Fe/O)CME
/ (Fe/O)photosphere > 5, with (Fe/O)photosphere = 0.05. Henke et al. (1998) analyzed
more ICMEs registered by Ulysses spacecraft and found that the MC structures have
an increased O7+/O6+ ratio compared to the non-MC ICMEs. In contrast with the
mentioned authors that considered fixed thresholds for the charge states, Richardson
and Cane (2004) and recently Richardson (2014) developed a set of criteria that in-
troduce thresholds charge states (for O7+/O6+, < QFe >, and Fe) depending on the
solar wind speed. Richardson (2014) realized a comparison between the charge states
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for MC and non-MC ICMEs, and compiled correlation relationships between these
ones and the solar wind speed. In the method we describe here, the charge states are
less important and many times increased during the sheath of an ICME.
Richardson and Cane (1995) discussed in detail the temperature fall under an
expected temperature value, Texp (see definition in next section), inside the ICMEs
and heliospheric current sheets (HCS), starting from Freeman and Lopez (1987) for-
mula where the temperature is computed as function of the solar wind speed. Later,
Richardson (2014) computed a relationship of Texp threshold depending on the solar
wind speed for Ulysses data. A comprehensive review of the ICMEs signatures has
been made by Neugebauer and Goldstein (1997), where they introduced a thermal
index for ICME identification, similar to the method developed by Richardson and
Cane (1995).
The problem of CMEs boundaries detection is crucial for space weather fore-
cast, as well as for the phenomena understanding. For that, not only one in-situ
signature is sufficient to detect an event, but two or more criteria seem to be neces-
sary in the event identification. Many authors have used the decrease under a certain
threshold of the ratio between the proton temperature and an expected computed
temperature as a primordial criterion for the ICMEs identification, and considered
later the beta depletion. Wang, Du and Richardson (2005) performed a multispace-
craft analyse of the radial evolution of the ICME registered between 0.3 and 5.4 AU
using the temperature decrease as a primary criterion for the events identification.
They found that the temperature is a quantity that decreases slowly with the dis-
tance from the Sun, compared with other physical quantities. Du, Zuo and Zhang
(2010) extended the list of events detected by Wang, Du and Richardson (2005), us-
ing the same criterion of identification and observations provided by Ulysses. Ebert et
al. (2009) characterized the latitudinal and radial variations of the solar wind. They
found no significative variations in latitude, but very important ones in the radial
direction. They have extended the ICME list compiled by Gosling, Reisenfeld and
Forsyth (http://swoops.lanl.gov/cme_list.html), using the pitch angle distri-
bution measurements from Ulysses spacecraft and the magnetic field components to
identify the ICMEs presence. Moreover, they used a combined set of signatures as
lower than expected proton temperature, low plasma beta and high alpha particles
density rated to the proton particles density. They accounted that an event is ICME if
at least two criteria are fulfilled. An additional number of events observed by Ulysses
was found by Richardson (2014), who compiled a list with 279 events.
As Gosling (1997) stated, the ICMEs identification “is still something of an
art”, and this because of the multiple signatures to be taken into account, but not all
of them are always present for each event. For this reason we paid attention to another
tool that can help us understanding different ICME events, in order to detect the most
appropriate boundaries and also to discriminate between pure or merged events. The
5 A new approach to detect the boundaries of interplanetary events 81
aim of this paper is to identify the ICME events in the solar wind plasma measured
by Ulysses spacecraft and to detect more accurate their boundaries. In this order,
we introduce an algorithm that enables a prior automatic scan of the possible event
boundaries defined by certain features. Then, by applying other magnetic field and
plasma signatures, we infer the real boundaries from those previously detected. In
section 2, we describe the method as well as the data used. We exemplify the method
application by analysing four specific events, in section 3, where substructures of the
ICMEs are detected, revealing complex ejecta, and the established boundaries are
verified by the minimum variance analysis (MVA) tool in the MC cases. In section
4, we apply our method to detect the ICMEs and their boundaries using the data
registered by Ulysses during three years, 2000, 2001 and 2002, when the spacecraft
flew from negative to positive latitudes, also over the solar poles and from 1.34 AU
to 4.47 AU distance from the Sun. The analyzed period contains the years with
maximum of CMEs production, after the sunspots maximum and during the solar
general magnetic field polarity reversal.
2. DATA AND METHOD
In the present study we used data from three instruments onboard of Ulysses
(http://ufa.esac.esa.int/ufa): VHM (magnetometer), SWOOPS (Solar Wind
Plasma Experiment) and SWICS (Solar Wind Ion Composition Instrument). For
interplanetary events identification we have used the magnetic field data, provided
by VHM instrument and given in RTN coordinates, where R is the radial direction
oriented from the Sun to the satellite, T is the cross product of the solar rotation axis
and R, while N is the cross product of R and T. The magnetic field magnitude B and
the (Br,Bt,Bn) components used to first identify the events’ boundaries had the time
resolution of 1-hour, but for refining boundaries with the minimum variance analysis
we used 1-minute time resolution data. Information on the charge states plasma
composition come from SWICS with 3-hour averaged data resolution. The solar
wind plasma parameters, i.e. the speed (v), proton density (Np), proton temperature
(Tp), were obtained by SWOOPS instrument, with hourly averaged data resolution.
This resolution for SWOOPS data with the method we will describe here is optimum
for our purpose, a higher resolution giving too much local variations.
SWOOPS experiment and the instrument are described by Bame et al. (1992).
The data reduction algorithm adopted by SWOOPS’ Team is described in the user
guide file accompanying the data. The proton temperature has been estimated in two
ways, providing two quantities, a Tsmall temperature, denoted Ts, and a T large
temperature, denoted T l. T l is the total numerical integral of the distribution in 3D
velocity space over all energy channels and angle bins that are statistically above the
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noise. The quantity Ts is estimated by summing over the angle of observations at
a fixed energy, and then integrating the resulting 1D moments over all energy chan-
nels. Both temperatures are measured in the radial direction and Ts is sometime
underestimated, while T l is overestimated. Since both quantities bracket the proton
temperature Tp (see SWOOPS user guide), different authors computed it as an aver-
age of T l and Ts, e.g. Consolini (2012), Podesta and Gary (2011), or as a classical
geometric mean Cranmer et al. (2009); Breech et al. (2009):
Tp≡ (T l ·Ts)1/2. (1)
If we take Tp as an average, then Tp/Ts reduces to (T l/Ts+1)/2. In the geometric
mean case Cranmer et al. (2009), Tp/Ts=
√
T l/Ts. Consequently, one important
ratio that we use in this article, and it is independently on the adopted formula for
Tp, is
Ar =
√
T l/Ts. (2)
After analysing more events, few of them described in this article, we have remarked
a systematic decrease of Ar ratio at the events boundaries, so our approach is to use
this variation for the events detection in a semi-automatic way. This idea was used to
write an IDL program able to exactly detect the boundaries with a time precision of
0.001 from a DOY (day of the year).
One important signature for an ICME is the temperature fall. During an ICME
event, the proton temperature, Tp, rated to the expected temperature, Texp, should be
less than 0.5. This expected temperature depends on the solar wind speed, and it was
computed for distances exceeding 1 AU and speed, by Wang, Du and Richardson
(2005), in 103 K units, as:
Texp =
{
(0.031v−5.1)2
r0.7
,v < 500
(0.51v−142)
r0.7
,v ≥ 500 (3)
A new relationship of the expected temperature for Ulysses spacecraft, depending on
the solar wind speed and spacecraft distance r, was computed by Richardson (2014):
Tex= (502 ·v−1.26 ·105)/r (4)
Inside an ICME, the relationship Tp/Tex < 0.5 should be fulfilled.
We propose here an algorithm to detect the ICMEs boundaries, where the var-
ious known signatures are applied in an hierarchical manner. This algorithm implies
more steps:
1. Scan of the Ulysses data and computation of the possible interplanetary events
boundaries that are the local minima (LM) of the ratio Ar. These are the
potential boundaries of an event: LM ∈ {Ar(i) =√T l(i)/Ts(i) | (Ar(i) <
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Ar(i−1))∨(Ar(i)<Ar(i+1))∨(Ar(i)< pg), i= 1, ...,N}, where i denotes
each registration inside a time period, N represents the number of registration,
and pg is a certain threshold.
2. Plasma beta variation analysis and detection of four boundaries (at least) for
each event, as follows:
• First boundary (t1, expressed in DOY) is at the last LM where β > 0.2
before a region with β < 0.2
• Second boundary (t2, expressed in DOY) is at the first LM with β < 0.2,
after t1
• Third boundary (t3, expressed in DOY) is at the last LM with β < 0.2
• Fourth boundary (t4, expressed in DOY) is at the following LM with β >
0.2, after t3
3. Analysis of the total pressure variations for the event, which could be an indica-
tor for the extension of the event to neighbourhood boundaries related to those
established at the previous step.
4. Analysis of the other plasma and magnetic field signatures, in order to detect the
complexity of an event. The LMs delineate very well the self-organised regions
of magnetic field visualised in the contour plots of theRTN components. These
contour plots help us to detect the possible existence of MCs and to establish the
preliminary boundaries, selected among the LMs, before the minimum variance
analysis. The MVA computations confirm and refine the MC boundaries.
The LMs are defined as the amplitude of Ar to be minimum relative to the
nearby values. We have limited these LMs to be under a threshold pg, a value es-
tablished after various trails and that could be different from an event to another.
However, this threshold could be 1.1 < pg < 2, depending on the event. After con-
sidering the temperature variations, we point out that the plasma beta variations are
crucial for our method: if the local minima of the temperatures ratio, Ar, gives the
potential boundaries, the β values enable us to choose among them the final bound-
aries. Plasma beta is defined as
β =Np ·kB ·Tp/[B2/(8 ·pi)]. (5)
The threshold used for plasma beta in ICMEs is 0.2, similar value used by various
authors (Foullon et al. , 2007; Lepping et al. , 2009).
After the raw estimation of the boundaries, other elements are taken into ac-
count for an event analysis, like the charge states anomalies, as well as the enhanced
total pressure during an event. The total protons pressure is expressed as the sum of
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the kinetic and magnetic pressures: Pt=Np ·kB ·Tp+B2/(8 ·pi). whereNp repre-
sents the proton number density and kB is the Boltzman constant. Wei et al. (2006)
considered the MC boundaries as non-pressured-balanced structure. The total pres-
sure will help us detect an event and its expansion in time (see the case studies). As
we have noticed, after the study of many events, the ’bulbs’ visually created in the
graph of the plasma beta and the pressure curves, as well as that created in the graph
by the Tp/Tex and Ar, delimitate an ICME. But this remark help us only to extend
or restrain the time extension of an event. Beside the four boundaries detected with
the above algorithm we could also consider additional internal boundaries selected
from the computed LMs and indicated by other plasma and magnetic field signatures.
The magnetic field components smooth rotation is an indicative for MC presence and
we have used this methods to verify the boundaries for the analyzed events in next
section.
We point out that during the important ICMEs some quantities measured by
Ulysses saturated the sensors and gave unusable values. In these circumstances we
have smoothed the data, for an interval i= 1, ...N , as follows:
if(T l(i)≥ 1.0E+006) then T l(i) = T l(i−1) (6)
if(Ts(i)≥ 1.0E+005) then Ts(i) = Ts(i−1) (7)
if(Np(i)≥ 99) then Np(i) =Np(i−1) (8)
if(v(i)≥ 999) then v(i) = v(i−1). (9)
This smoothing procedure gave a plateau in some zones and, consequently, intervals
where Ar is almost constant. The software automatically chose as LM, for that
plateau, the first value and the value in the middle of the interval.
3. CASE STUDIES
In this section we exemplify the application of the method on few particular
cases. We analyze in detail three MC events we found more spectacular, and one
ICME we found as new by the proposed algorithm. Two of the MC have been sum-
marily analyzed in previous papers by Popescu (2009) and Dumitrache and Popescu
(2010). The first event (10 June 2001) can be found in the list of Du, Zuo and Zhang
(2010), the second event (24 August 2001) is in the list of Ebert et al. (2009), while
the last analyzed event (23 January 2001) is found in both lists. All three MCs could
be retrieved in the recent list of Richardson (2014). The last event we investigate is
an ICME event found as new by this algorithm, observed by the spacecraft on 1 May
2001. In the next subsection we explain in detail, on four examples, how we apply
the method.
As we noted in introduction, more signatures accompany an ICME and not
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all of them are always fulfilled. Different authors (Ebert et al. , 2009; Du, Zuo and
Zhang, 2010; Wang, Du and Richardson, 2005; Richardson, 2014) considered their
own hierarchy in their compiled list of ICMEs. In the present article, after the LM
detection, we have retained those boundaries that delimited low plasma beta (see
section 2). This condition is fulfilled between t2 and t3 boundaries, while t1 is the
first LM before t2 and t4 is the first LM after t3 where beta exceeds the threshold.
But a very important role is played by the total pressure variation, which is certainly
correlated with the temperature falling. The increase of Pt represents an indication
for considering the extension (or restriction) of the boundaries to next LMs, in some
cases.
3.1. THE 10 JUNE 2001 EVENT
The ICME event registered on 10 June 2001 (DOY = 161) by Ulysses was
produced by a series of explosive events occurred in the neighborhood of the active
regions NOAA 09475 and 09486 (Dumitrache and Popescu, 2010). Using hourly
VHM data, 3-hours interval data from SWICS and hourly data from SWOOPS, on-
board of Ulysses spacecraft, Dumitrache and Popescu (2010) analyzed this event and
its solar source. At that date, the spacecraft was located at a distance of 1.35 AU
from the Sun and at (19.6o,264.6o) heliographic latitude and longitude.
Following the algorithm described in the previous section, we have computed
the possible boundaries of this event starting with the detection of the local minima
of the ratio Ar =
√
T l/Ts of the temperatures registered by Ulysses. First panel
of the Fig. 1 contains these variations of Ar (black asterisks) together with the rate
Ts/Tex (solid red line), where the vertical lines mark the computed LM, i.e. the
possible boundaries. For this event we have used pg = 1.8. The second panel in
the figure displays the plasma beta (solid black line) and total pressure variations
(red asterisks). The vertical lines delineate the final boundaries of the event, after
considering all the plasma and magnetic field characteristics, including the MVA. The
third panel of Fig. 1 contains a visualisation of the magnetic field RTN components
vs. time, i.e. the contour plots of the matrix z, for a period of few days that contains
three lines and N column representing the N hourly registrations:
z =
 Br1 ... BrNBt1 ... BtN
Bn1 ... BnN

This type of visualisation, which we introduce in this article, produces very sugges-
tive pictures of the interplanetary events, and represents an additional mode to have
an estimation of the ICME boundaries. In this representation, different events are
outlined as well determined, self-organised regions like ’islands’, and permit an easy
way to find the ICME boundaries. Comparing the first and third panels, we remark
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that all LMs mark well the regions resulted from the contour plots. The RTN com-
ponents of the magnetic field and the velocity variations with time are plotted in the
last two panels. Panels 3 and 4 contain the same quantities that are plotted in different
manners.
This ICME displays many features of a magnetic cloud (Burlaga, 1995, 1988):
smooth magnetic field rotates through a large angle, the strength of the magnetic field
is higher than in the average solar wind, and the temperature is lower than the aver-
age solar wind. The enhanced field strength and smooth rotation of the vertical or
azimuthal component are used to identify the MC event. The shape of these compo-
nents indicates us if the event is an MC. The rotation of the magnetic field can occur
in any direction on a time scale from few hours to days and can be revealed by the
minimum variance analysis (MVA). The MVA was first time applied by Sonnerup
and Cahill (1967). Klein and Burlaga (1982) and Bothmer and Schwenn (1998) de-
scribed in detail the MVA method applied to MCs. The directional changes of the
magnetic field can be investigated with the MVA applied to the field components in
the spacecraft frame. Therefore, we pursued to detect these changes of orientation
for all substructures of the magnetic cloud orientations in the Cartesian solar equa-
torial coordinates (X,Y,Z), where Bx = −Br, By = −Bt, and Bz = Bn, i.e. By
pointing to the East relative to the Sun (as described in Dumitrache, Popescu, and
Oncica (2011)). This fact implies that RTN coordinates are rotated by 180◦ around
the normal axis (Mulligan and Russel, 2001). After the MVA computations, we have
obtained the magnetic field components of the clouds Bxc,Byc,Bzc correspond-
ing to the maximum variance, the intermediate and minimum variance directions,
respectively. The results are relevant if the ratio of the eigenvalues corresponding to
the intermediate and the minimum variance is under 2, λ2/λ3 ≥ 2, and directional
changes of the magnetic field vector exceed 30◦. All these conditions are fulfilled in
our computations for all three analyzed events in this paper.
The contour plots of the magnetic field (panel 3, Fig. 1) indicate that the stud-
ied event is complex and has more components, and more internal boundaries should
be taken into account. After the plasma and magnetic field characteristics, and the
numerical results of the minimum variance analysis (MVA) examination, we have
selected between the LMs the following event boundaries, expressed in days of the
year (DOY ): t1 = 161.29, t2 = 161.50, t3 = 162.708, t4 = 162.875. As we can
see in Fig. 1, supplementary internal boundaries (between t2 and t3) were also con-
sidered at t5 = 161.958, t6 = 162.208 and t7 = 162.417. These have been selected
among the LMs, after various combinations of LMs in the MVA computations and
after analysing the plasma characteristics too (for confirmation of the chosen bound-
aries). The MVA results are discussed below. Between t1 and t2 it exists an LM (at
t= 161.375), that normally should be considered as t2, indicated also by the contour
plots of the magnetic insulation. But, we selected the next LM as t2, after the MVA
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Fig. 1 – The event on 10 June 2001 (DOY=161). The vertical lines mark the boundaries: LMs for the
first panel and definitive boundaries for next panels. The final boundaries are: t = [ 161.292, 161.500,
161.958, 162.208, 162.417, 162.708, 162.875]. The horizontal lines mark the applied thresholds. 1st
panel: The Ar =
√
T l/Ts quantity variations (black asterisks) and the temperatures ratio Ts/Tex
(solid red line) , together with the threshold 0.5 (horizontal dotted line). 2nd panel: Variation of the
protons beta (black solid line) and total pressure (red asterisks). 3rd panel: The contour plots of the
matrix z = (Br,Bt,Bn). 4th panel: Variation of the magnetic field components, in RTN coordinates:
Br – black, solid line, Bt – blue, dashed-dot line, Bn – red, dashed line. 5th panel: Bulk velocity
variations with time.
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computations.
Fig. 2 – The MVA results for the event registered on 10 June 2001 (DOY=161). See the text for details.
After MVA computations with different combinations of boundaries, we can
conclude that the 10 June 2001 event is a complex one and has the following mor-
phology: there are three magnetic clouds (denoted M1, M2 and M3). Their bound-
aries are:
• MC1 lasts from t2 = 161.500 to t5 = 161.958
• MC2 lasts from t5 = 161.958 to t6 = 162.208
• MC3 lasts from t7 = 162.417 to t3 = 162.708.
Between t6 and t7 there are the reverse shock of MC2 and the forward shock of
MC3.
We have applied the MVA using 1-minute averaged data registered by VHM
instrument and have obtained the following azimuthal (φ) and elevation rotation an-
gles (θ) for the three axis, i.e. for the maximum, intermediate, and minimum variance
directions (Bothmer and Schwenn, 1998), for all the MCs. The results are:
φ1 = [171.74,180.00,263.21]
θ1 = [41.81,90.00,89.89]
φ2 = [253.89,180.00,173.68]
θ2 = [89.86,90.00,46.15]
φ3 = [223.41,179.79,106.68]
θ3 = [5.16,90.00,−90.00]
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Fig. 2 shows our minimum variance analysis computation results, plotted in the
intermediate-maximum variance plane (YOX) for all clouds. The triangle symbol on
each MC plot marks the start point of the cloud rotation at the spacecraft encounter.
The first MC has a negative rotation, while the other two MCs display a rotation in
the positive sense. According with Bothmer and Schwenn (1998), MC1 has a left-
handed helicity, MC2 has a right-handed helicity, as well as MC3. The different
helicities of the clouds could indicates their different solar sources (flares from two
distinct active regions).
3.2. THE 24 AUGUST 2001 EVENT
Another MC event was observed by Ulysses on 24 August 2001, i.e. DOY =
236 (Popescu, 2009; Ebert et al. , 2009; Richardson, 2014), when the spacecraft
was located at 1.68 AU and 285.5o longitude, 67.3o latitude. The track back to the
Sun of this ICME , using a graphical method described in Dumitrache, Popescu,
and Oncica (2011), gave a raw estimation of the solar source as being a CME oc-
curred on DOY = 230.25. The CDAW catalogue (http:\\cdaw.gsfc.nasa.gov\
CME_list) indicates, as possible solar counterparts, two CMEs in squall (a series of
CMEs coming from the same solar source, see Dumitrache (2008)) occurred at the
polar angle PA∼ 337 deg. These are the results of a double polar sigmoid filament
eruption in more steps, on 15 August 2001 (DOY = 227). A CME was registered
by LASCO/SOHO at 1:31 UT, with a speed 477 km s−1, another CME occurred at
2:54 UT, with 370 km s−1 and a CME at 10:33 UT, with v=311 km s−1. A linear
propagation model of the CMEs indicates the arrival of these events at Ulysses in the
proper time. It remains the problem of the CMEs’ speeds that are much smaller than
the speed measured in-situ by Ulysses for the ICME (530 km s−1), if we do not sup-
pose that the ICME was accelerated by the ambient solar wind. Another candidate
for the solar source is the halo CME occurred on 19 August 2001 (DOY = 231),
6:06 UT, in or nearby the active region NOAA 09575, with the speed v=556 km s−1.
This halo CME is due to a flare.
Fig. 3 displays the magnetic field and plasma characteristics of the event, where
the procedure of the boundaries detection is similar to that applied at the previous
section, according to the described algorithm. We have used pg = 2 for these LMs
computations.
After examining the magnetic field contour plots and performing the MVA
computation we have found the following boundaries of the event: t1 = 236.330,
t2 = 236.458, t3 = 237.0, and t4 = 237.375. This event is also a mixed one: it is
a MC close followed by a stream interaction region (SIR). The SIR is not preceded
by a heliospheric current sheet (HCS) since it is at very high latitude. The forward
shock is at t1 and MC sheath lasts before t2. The MC core extends between t2 and
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Fig. 3 – The event on 24 August 2001 (DOY=236) – caption similar to Fig. 1. The final events’
boundaries are t = [236.330, 236.458, 237.000, 237.375, 237.833,238.083].
t3. At t3 is the reverse shock of the MC and between t3 and t4 is the trailing region
of the MC. Looking at the magnetic field contour plots and the velocity curve shape,
we see that t4 marks the forward shock of the SIR, while t6 = 237.833 marks the
SIR reverse shock. The end of the SIR at t6 is sustained also by the velocity shape,
but considering the pressure values we could suspect this reverse shock as being at
t5 = 237.375 .
We have performed the MVA for the MC core, between t2 and t3 (781 points),
and the result is displayed in Fig. 4. The azimuthal and elevation angles of the three
axis obtained in this analysis are:
φ = [143.291,112.784,180.0], θ = [44.653,−89.931,90.0]. This MC has a left-
handed helicity.
The SIR following the MC could be an acceleration factor for the MC event, ex-
plaining the difference between the initial CME’s speeds registered by SOHO space-
craft and the ICME event’s speed registered to the Ulysses spacecraft. An interesting
region is between t3 and t4, where the magnetic field contour plots indicate the ex-
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Fig. 4 – The 24 August 2001 event (DOY=236) – MVA computations plot for the MC.
istence of two small ’islands’ and in their front the temperature and pressure have a
severe discontinuity - the reverse shock of the MC. After the moment t3, the pressure
decreases compared with that of MC, but it is still high. This MC trailing region
could be a zone of interactions, but we suspect that there is a small remanent ejecta
embedded in the SIR, which could be the signature of the solar source (the CMEs in
squall). The existence of ICMEs embedded in SIRs are reported in the literature also
by other authors (Rodriguez et al. , 2005).
3.3. THE 23 JANUARY 2001 EVENT
Two halo CMEs, registered by CDAW catalogue, came from two X-flares on
20 January 2001: first CME occurred at 19:31 UT, with a speed of 839 km s−1 and
the second at 21:30 UT, with 1507 km s−1. These flares were observed in the active
region NOAA 09313. Considering a linear propagation, the corresponding inter-
planetary counterparts of those CMEs should hit the spacecraft, located at 1.88 AU,
236.20 longitude and −67.6o latitude, on 23 January and 22 January, respectively. A
well-defined MC was observed by Ulysses starting with 23 January 2001 (Ebert et
al. , 2009; Du, Zuo and Zhang, 2010; Richardson, 2014).
Fig. 5 displays the characteristics of this event: the temperatures ratio Ar used
for the potential boundaries detection (the LMs computation), the temperature ratio
Ts/Tex, variations of the plasma beta and total pressure, the magnetic field com-
ponents (with two visualisations) and the velocity variations. Using the algorithm
proposed in this article, we have obtained the following first boundaries, after the
plasma beta values evolutions. The contour plots in Fig. 5 suggest the existence of at
least two structures. After the MVA computations for different cases we have estab-
lished the following boundaries: t1= 23.750, t2= 23.875, t3= 24.791, t4= 25.041,
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Fig. 5 – The event on 23 January 2001 (DOY=23): caption similar to Fig. 1. The final boundaries
are t = [ 23.750, 23.875, 24.291, 24.791, 25.041, 25.416].
with an intermediate boundary at t5 = 24.291 representing a boundary between two
magnetic clouds. Consequently, MC1 lasts from t2 to t5 and MC2 from t5 to t3. The
forward shock is at t1, and the reverse shock at t3, with the trailing region extended
until t4. The two MC are merged and the second one seems to be twisted, as the 3D
representation of the MVA computations reveals in Fig. 6. The double-core MC is
followed by a fast stream that ends at t6 = 25.416.
We have performed MVA computations for different combinations of the bound-
aries and considering the coalescence of the two structures. The MVA results confirm
the existence of an internal boundary and two magnetic sub-clouds. The best results
(Fig. 6) were obtained for computations performed between t2 and t5 (MC1 – 600
points) and between t5 and t3 (MC2 – 720 points), giving the azimuthal and eleva-
tion angles for the maximum, intermediate, and minimum variance directions:
φ1 = [240.80,129.51,180.00], θ1 = [21.44,−90.00,90.00],
φ12 = [208.14,155.24,155.24], θ2 = [22.95,90.00,90.00].
17 A new approach to detect the boundaries of interplanetary events 93
Fig. 6 – The 23 January 2001 (DOY=23) event – MVA computations plot for the MC.
3.4. THE 1 MAY 2001 EVENT
The algorithm we have settled up allows us to detect also small events, not
spectacular and often masked by neighbourhood events, but that obey to our criteria.
One of such event was observed by Ulysses at the beginning of May 2001, when
the spacecraft was positioned at −12.26 deg. latitude and 259 deg. longitude, and
a distance of 1.37 AU from the Sun. This event was not classified by other authors
before, and it is part of a complex series composed by a MC observed on 29 April
2001 (DOY 119), listed by Richardson (2014), followed by a small ICME, detected
and described by us in this article, and a heliospheric current sheet (HCS) that ends
on 3 May 2001 (DOY 123).
Fig. 7 displays the characteristics of these interplanetary events. After the LMs
computation, we have selected the following boundaries: the MC has the forward
shock at t1= 119.333, the core between t2= 119.542, t3= 121.167, and the trailing
edge ending at t4 = 121.583. The core of the cloud is sectioned in two parts, at
t = 120.458 , as we can see on the contour plots in the Fig. 7, but this division is
not sustained by the other parameters as plasma beta, pressure and the total magnetic
field intensity variations. Between t3 and t4 we can consider the presence of the
trailing edge of the MC. This MC is followed by a complex ejecta that has the shock
at t4 (more visible in the velocity) and the sheath between t4 and t5 = 121.750. The
ICME lasts between t5 and t6 = 122.833. All these events are accompanied by a
SIR, existing from t7 = 122.958 to t8 = 123.667, and marked by the sudden and
high increase of the plasma beta, temperature and pressure. This SIR is preceded by
a HCS at t6 (HCS being marked by the magnetic field signs reversal). We remind
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Fig. 7 – The complex interplanetary events registered between 29 April - 3 May 2001 - caption similar
to Fig. 1. Final boundaries are t = [ 119.333, 119.542, 121.167, 121.583, 121.750, 122.833, 122.958,
123.667].
that Ulysses crossed the ecliptic at that time. Looking on the coronal EIT/SOHO
observations two days before 1 May 2002, indeed, a small coronal hole faced the
Earth at small latitudes.
We have performed the minimum variance analysis, on 2340 points, for the
MC registered between t2 and t3. The result is displayed in Fig. 8, and the obtained
azimuthal and elevation angles are:
φ= [192.67,180.00,123.12]; θ = [5.99,90.00,−90.00].
19 A new approach to detect the boundaries of interplanetary events 95
Fig. 8 – The MVA plot of the MC registered on 29 April 2001 (DOY=119).
4. ICMES LIST AND ALGORITHM VALIDATION
In order to verify our method on many other interplanetary events, we have
applied the above described algorithm and compiled a ICMEs list for a period of three
important years of the solar cycle 23, namely 2000, 2001 and 2002. We have found
63 events, listed in the Tables 1,2 and 3. These events could be retrieved in the lists
compiled by Ebert et al. (2009), Du, Zuo and Zhang (2010), and Richardson (2014).
By following the criteria we introduced in this article, we found 9 new events too.
The table contains data as follows: each event line has four boundaries t1, t2, t3, t4
together with the corresponding velocity and proton beta. The t1 and t4 boundaries
are roughly defined for β > 0.2, while t2 and t3 are established at the LM with
β < 0.2. There are few exceptions, namely when the aspect of the magnetic field
or total pressure (Pt) indicates a more extended event – then we have considered as
boundaries the corresponding other LM. It is also the case of the 10 June 2001 event.
Reinard (2008) suggested the ICMEs have structures consisting of a core (or
multiple cores) and an envelope. This morphology is consistent with the observed
CMEs structure near the Sun (Gopalswamy et al. , 2006).
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Fig. 9 – Velocities vs. plasma beta for each category of boundaries: observed (diamonds) and
computed after fitting (asterisks).
We have computed the sizes of each ICME listed in the tables, expressed in
astronomical unities (AU), by considering that the core extends between t2 and t3,
while the surrounding region (the envelope) expands between t1 and t2, and between
t3 and t4. We have obtained the mean core of 0.35 AU, while the whole event (core
and envelope) has a mean size of 0.48 AU. The average size of the leading region,
between t1 and t2, is 0.06 AU, and average size of the trailing region, between t3
and t4, is 0.07 AU.
We remind here the algorithm we have applied to detect the moments t1,t2,t3,t4.
At the first step we have computed the LMs of the ratio Ar =
√
T l/Ts, i.e. the
local minima mathematically defined for the data series within a certain period of
time. These LMs are only possible boundaries since we search through them the
true boundaries, after applying the classical ICMEs signatures. The contour plots of
the magnetic field are very helpful in the boundaries selection too. We choose t2
and t3 as the first and the last boundaries where β < 0.2, while t1 and t4 are those
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boundaries with β > 0.2 positioned at the left, respectively at the right, of t2 and t3.
After establishing these main boundaries, we examined the other plasma and
magnetic field signatures in order to decide if an event is extended or not, or it reveals
internal sub-structures. Fig. 9 displays the data for each computed boundary of the
events listed in the tables, velocities vs. plasma beta (diamonds). The asterisk traces
display the fitted curve by the formula f(v) = a+ b · v+ c/v, where v takes values
from 300 to 900 km s−1. This formula was found after various trials. We obtained for
each boundary a fitted curve that states a plasma β dependence on the speed values.
This fact could be explained by the formula of β (see formula 5), where the proton
temperature is incorporated, and the expected temperatures were usually obtained as
function of speed (see formulas 3 and 4). We remark that the curves fitted for the first
and last boundary, where shocks usually occur, especially for MC, have the same
concave shape, while for the second and third boundary we obtained convex curves.
5. SUMMARY AND DISCUSSIONS
The prediction of CMEs’ arrival time is an important goal for heliospheric re-
searches and space weather alerts. This prediction is linked to the propagation mode
of the CME into the interplanetary space, but also to the accuracy of the ICME
boundaries detection. Usually, these boundaries could be established by the anal-
ysis of magnetic field components curves’ shape, or adding information about the
plasma β, temperature, density, speed and charge states variation. We proposed here
a new method to detect the interplanetary event boundaries using the local minima
of the Ulysses’ temperatures ratio and the variations of plasma beta as first criterion
to delimit the ICMEs boundaries. Our method, in this form, is applicable for Ulysses
spacecraft. Both temperatures measured by Ulysses, Ts and T l, are in the radial
direction and each one could be used as proton temperature. On the other hand, it
exists a systematic variation of their ratio with local minima at the interplanetary
events’ boundaries. Consequently, we deduce that the SWOOPS instrument could
have the best precision of the measurements at the boundaries of the events and a
maximum variation inside an event or an interplanetary structure. We note that the
local minima of Ar appear at the boundaries between different plasma flow regimes,
before or after shocks, as well as outlining the plasma magnetic insulation. These
local minima could be an indicative of the isotropization of the field-aligned streams
(or counterstreams), frequently observed in the boundary regions after the forward
and reverse shocks (Skoug et al. , 2000; Steed et al. , 2011; Lazar et al. , 2014).
The algorithm we have applied here allowed us to compute the boundaries of
an event following few steps.
(1) The LMs computation using an IDL code. These LMs delineate the contour
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plots ’islands’ of the magnetic field components.
(2) Selection of those two LMs that border a region with β < 0.2 and other two
LMs enclose the first two but correspond to β > 0.2. Generally, the selected region
for an ICME event fit well to regions with the temperature failure.
(3) The analysis of the total pressure variation and magnetic field signatures
could be an indicative to extend or to limit the boundaries of an event.
(4) In the individual cases analysis we could find that intermediate boundaries
are necessary (belonging also to the computed LM), if merged or complex events
exist.
(5) The minimum variance analysis validates the selected boundaries for the
MCs.
We have analyzed the morphology of three known MCs and a complex of
events containing one new found ICME. Our method allowed us to better understand
the morphology of the complex or hybrid events.
We have compiled the boundaries for the ICMEs occurred during the maximum
of solar CME production period, i.e. the years 2000, 2001 and 2002 and found events
listed also by other authors, but also few new small ICMEs. We have fitted the values
of plasma beta found at the boundaries as function of the corresponding velocities,
by a formula of f(v) = a+ b∗ ·v+ c/v type.
The ICMEs detection is semi-automatic since the first step is to scan the possi-
ble boundaries using a computer software. This software operation detects the possi-
ble boundaries. Then a human intervention keeps the right boundaries after analyzing
the plasma beta, pressure and magnetic field contour plots. This scan covered an in-
terval of three years and was performed with a 10-15 days period. The scan of data
allowed us to find new small events, if we look to the other authors’ lists. There are
also few other events that do not belong to our list even if there are in the other au-
thors lists and this because the second criteria (β < 0.2) was not accomplished during
the whole period of the event.
The method described here is useful for the identification of the ICME observed
by Ulysses and their boundaries, since this spacecraft measures two proton temper-
atures and the automatic detection relies on their rate. We notice as original con-
tribution of this paper the introduction of magnetic field contour plots visualisation
that reveals the plasma insulations and allows in this way the boundaries detection.
This type of visualisation could be used in the case of other spacecraft, i.e. ACE for
instance. But in this case the procedure becomes a visually method for establishing
the boundaries and the precision is under 0.001, less than in the Ulysses case.
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